Several factors which regulate the synthesis of enterotoxin B were examined in Staphylococcus aureus S-6 and in its heme-requiring mutant S-6H2. The kinetics of enterotoxin B synthesis during anaerobic growth were identical to those observed under aerobic conditions; extracellular enterotoxin accumulated in the medium during the transition between exponential and stationary phase growth. Strain S-6H2 lacked a functional electron transport system unless the medium was supplemented with heme. In a casein hydrolysate medium, the presence or absence of a functional electron transport system had no effect upon the differential rate of toxin synthesis. The repression of toxin synthesis by glucose at either pH 6.0 or 7.7 or by pyruvate at pH 7.7 occurred in the absence of a functional electron transport system, but was enhanced significantly in its presence. Thus, a functional electron transport system appears to be involved in regulating the degree of glucose and pyruvate repression of enterotoxin B synthesis.
Many strains of Staphylococcus aureus produce extracellular proteins designated as enterotoxins (7) . These toxins which are responsible for the characteristic symptoms of staphylococcal food poisoning (2) consist of at least flve immunologically distinct types designated types A through E. Enterotoxigenic strains of S. aureus have also been implicated as a causative agent of enterocolitis (14, 15) . While enterotoxin B-producing strains are infrequently involved in food-bome outbreaks, they account for a majority of the isolations from cases of enterocolitis (15) . The PO2 in either the food (13) or the bowel environment is substantially reduced, and it is likely that some enterotoxin is synthesized in the absence of oxygen. To date, there have been no studies demonstrating anaerobic synthesis of enterotoxin in vitro. Many investigators have been concerned primarily with optimizing enterotoxin production either by increased aeration rates (4, 12, 28) , or by addition of exogenous carbon and energy sources to an amino acid-containing growth medium (8, 18) .
Previous studies (22, 23) demonstrated that the synthesis of enterotoxin B by S. aureus S-6 was severely repressed when glucose was added to the medium. The severity of this repression was greatest when the pH of the medium dropped below 5 .0 as end products accumulated (23) . Nevertheless, glucose continued to repress toxin synthesis when the pH was held constant (23) . During a preliminary study (S. A. Morse and J. N. Baldwin, Bacteriol. Proc., p. 78, 1970), we demonstrated that repression by glucose was less severe in mutants which lacked a functional electron transport system. These heme-requiring mutants, metabolize glucose aerobically in much the same manner as nonheme-requiring strains of S. aureus do anaerobically (7) and therefore were useful in studying the effect of oxygen on the synthesis and regulation of enterotoxin B.
MATERIALS AND METHODS Organism. Staphylococcus aureus S-6 was obtained from M. S. Bergdoll (Food Research Institute, University of Wis.). This strain produces large amounts of enterotoxin B and small amounts of enterotoxin A. Storage of the culture, preparation of inocula, and incubation conditions have been described (19, 23) . A heme-requiring mutant of strain S-6 was isolated by selection on a medium containing kanamycin (33) . This mutant, designated S-6H2, was unable to synthesize heme and therefore lacked a functional electron transport system (17) . Stock cultures of the heme mutant were maintained at 4 C on chocolate agar slants and transferred monthly (17) .
Medium. The basal medium consisted of a 1% solution of casein hydrolysate (PHP; Mead Johnson Heme-deficient cells. Cells from the surface of an 18-h chocolate agar slant of strain S-6H2 were harvested in 5 ml of sterile distilled water. They were washed twice and resuspended to 5 ml with sterile distilled water. The entire suspension was used to inoculate a 500-ml volume of PHP medium. The culture was incubated aerobically for 5 h at 37 C on a gyratory shaker to exhaust endogenous heme. Cells were harvested by centrifugation (20,000 x g for 15 min) and resuspended to the desired concentration (0.20-0.25 mg [dry wt] per ml) in 0.1 M phosphate-buffered PHP. The parent strain (S-6) was treated in a similar manner.
Heme. Protoheme (Sigma Chemical Co., St. Louis, Mo.) was added at 1.4 MM unless otherwise indicated in the text. A stock solution was prepared by dissolving 3.2 mg of protoheme in 0.5 ml of pyridine and diluting to 5.0 ml with 0.5 M NH40H. The resulting solution was stored in the dark at -20 C. Neither pyridine nor NH4OH significantly affected protein or enterotoxin B synthesis at the concentrations used in these experiments. Radioisotopes. Uniformly labeled leucine (leucine-U-14C), uniformly labeled glucose (glucose-U-14C, sodium pyruvate-l-14C, and succinic acid-i,4-14C, were obtained from New England Nuclear Corporation (Boston, Mass.). Ethyl alcohol-i-14C was from International Chemical and Nuclear Corporation (City of Industry, Calif.). Pyruvate-U-14C was obtained from Amersham Searle Corporation (Arlington Heights, Ill.).
Chemicals. Kanamycin was a product of Bristol Laboratories (Syracuse, New York). The 2,5-diphenyloxazole (PPO) and 1,4-bis-2-(5-phenyloxazolyl) benzene (POPOP) were products of Packard Instrument Co. (Downers Grove, Ill.). All other reagents were of analytical grade.
Determination of end products. Nongaseous end products of glucose and pyruvate metabolism were determined by column chromatography on silicic acid with various concentrations of t-butanol in chloroform as solvents. The technique used for the preparation and packing of the silicic acid and for preparation of solvents was essentially that of Ramsey (27) . Preparation of sample and elution procedures were those reported by Dobrogosz (5 Anaerobic growth of strain S-6. For studies on the anaerobic synthesis of enterotoxin B, the basal medium was supplemented with 46 mg of sodium bicarbonate per liter (9), 11.22 mg of uracil per liter, 3 ng of biotin per liter, and 5.0 g of pyruvate per liter. The uracil and pyruvate were sterilized by filtration and added to the autoclaved basal medium. Prior to inoculation, media were gassed for 30 min with nitrogen which had been bubbled through a column containing 0.1 M vanadyl sulfate in 1 N sulfuric acid over 100 g of amalgamated zinc (21) . After inoculation, the culture was gassed for an additional 10 min and then sealed. Samples were removed under conditions which avoided the entrance of oxygen.
RESULTS
Anaerobic synthesis of enterotoxin B. During the anaerobic growth of S. aureus, glucose is dissimilated via glycolysis yielding two molecules of lactic acid (Ka = 1.37 x 10-4 at 25 C) which accumulate in the medium (10) resulting in a decrease in pH to 5.5 or less (9) . Since previous studies (23) have demonstrated that these low pH values decrease or inhibit the synthesis of enterotoxin B, we sought to alleviate the inhibitory effects of pH by substituting another energy source for glucose. S. aureus dismutates pyruvate anaerobically yielding equimolar amounts of acetic (Ka = 1.75 x 10-5 at 25 C) and lactic acids (16) . The decrease in lactic acid concentration coupled with the smaller ionization constant of acetic acid suggested that the pH of the medium would not be altered as greatly as during the metabolism of glucose. When pyruvate was substituted experimentally, the pH of the medium decreased from 7.15 to only 6.20 and enterotoxin was produced.
The effects of anaerobiosis on toxin synthesis were examined in both agitated and static cultures. The kinetics of growth and toxin synthesis in an agitated culture during anaerobic growth are shown in Fig. 1 . Growth, as measured turbidimetrically, was similar to that observed aerobically (23) . However, the changes in the pH of the culture differed markedly from those observed aerobically (23) . During the Fig. 2a and 2b . In the absence of heme, enterotoxin was synthesized at low levels. Upon addition of heme, the amount of toxin synthesized increased twofold. Although addition of heme affected the rate of protein synthesis (Fig.  2a) and the quantity of toxin synthesized, it had no appreciable effect on the differential rate of toxin synthesis (Fig. 2b) . Effect of glucose, pyruvate, and heme. A linear relationship was observed in the differential rates of toxin synthesis of strain S-6H2 in the presence of glucose or glucose and heme (Fig. 3b) . This linearity was most apparent when the differential rate was measured in relation to "4C-leucine incorporation rather than changes in optical density (Fig. 3a) Effect of heme on glucose and pyruvate metabolism. The differences in repression may be related to changes in the metabolism of glucose and pyruvate which could be demonstrated by alterations in the proportions or types of end products formed. Examination of the nongaseous end products of glucose metabolism (Fig. 4) revealed that the fate of pyruvate derived from the dissimilation of glucose was dependent upon the presence of a functional electron transport system which was formed during incubation in the presence of heme. In heme-deficient cells of strain S-6H2, pyruvate was used as the primary terminal electron acceptor and was reduced to lactate. This was most evident at pH 7.7 where lactate accounted for 94% of the end products derived from glucose-U-14C. At pH 6.0, the two reduced compounds, ethanol and lactate, comprised 84% of the end products derived from glucose-U-14C. In the presence of heme, the proportion of reduced end products decreased and was accompanied by an increase in the proportion of acetate. The proportion of lactate decreased by 20% at both pH 6.0 and 7.7 and was accompanied by an increase in the repression of toxin synthesis ( Table 4) .
The dissimilation of exogenously added pyruvate differed from that of pyruvate derived from glucose (Fig. 5) . At 4 . Effect of heme on glucose metabolism. Heme-deficient cells were prepared as described in Materials and Methods. Heme (1.4 WM) and glucose (0.5%) were added together at zero time. Glucose-U-14C was added at a concentration of 0.24 uCi/ml. Samples for assay were collected after 2 h of incubation at 37 C.
conditions, the concentration of reduced products, such as acetylmethylcarbinol, was not sufficient to account for the regeneration of NAD+ needed to continue the dissimilation of pyruvate. Therefore, it appears likely that a portion of the NAD+ was regenerated via the electron transport system. At pH 7.7, pyruvate was dissimilated to acetate coupled with the reduction of an equivalent amount of lactate. In the presence of heme, the proportion of lactate decreased by 37% and was accompanied by a similar increase in the proportion of pyruvate which was dissimilated to acetate and formate. The repression of toxin synthesis was enhanced by the presence of heme only at pH 7.7.
DISCUSSION
There are relatively few studies on the synthesis of extracellular products during anaero- bic growth of S. aureus. Early investigators (7) made little, if any, effort to control the environmental conditions in which the culture was grown. For this reason, it has been difficult to distinguish between effects due to the lack of oxygen and those which result from the decrease in the pH as glycolytic end products accumulate. In a recent study, Fox and Holtman (9) demonstrated that anaerobiosis had no effect on the amount of staphylococcal nuclease produced per cell if other conditions, such as pH, were held constant. Several studies (13, 32) INFECT. IMMUNITY have also been reported concerning the anaerobic production of staphylococcal enterotoxin in food. In one of these studies (13) , low pH was observed to be inhibitory with no anaerobic enterotoxin production below pH 5.30 at 30 C or below 5.58 at 10 C.
The kinetics of toxin synthesis were similar during both aerobic (20, 23) and anaerobic growth. However, the quantity of toxin synthesized anaerobically was considerably less than was synthesized aerobically. This phenomenon may be explained by differences in the availability of a source of energy for the synthesis of macromolecules during post-exponential growth. Various compounds in the medium can be used as energy sources (9) who found that the anaerobic cell yield was one-fourth that of aerobic growth. This difference may be explained by our addition of supplementary uracil (29) to the PHP medium after autoclaving. Alternatively, a highly active NAD-linked lactate dehydrogenase may channel the pyruvate derived from glucose (in BHI broth) almost quantitatively to lactate, thereby depriving the organism of a source of acetyl units (11) .
Our results permit a clarification of the role of oxygen in the synthesis of enterotoxin B. Chemon October 15, 2017 by guest http://iai.asm.org/ Downloaded from ical removal of trace amounts of oxygen in the nitrogen gas eliminated the possibility that oxygen served as an inducer of toxin synthesis. In addition, the anaerobic synthesis of this toxin clearly showed that molecular oxygen was not required. The role of oxygen may therefore be limited to that of a terminal electron acceptor. As the addition of heme to heme-deficient cells of strain S-6H2 resulted in the formation of a functional electron transport system, as shown by the cyanide-sensitive enhancement of glucose and pyruvate oxidation, the concomitant increase in the quantity of toxin synthesized may have resulted from a more efficient usage of the energy source, thus serving to enhance the organism's biosynthetic capacity. This hypothesis is supported in part by the observation (4) that increasing the aeration rate significantly increased the toxin yield but not the final growth yield.
Chang and Lascelles (3) found nitrate reductase activity following the addition of heme to a cell-free extract of a heme-requiring strain of S. aureus and concluded that the protein component of cytochrome b, was formed during growth in the absence of heme but was capable of combining in vitro to give a functional hemoprotein of the nitrate reductase system. A functional electron transport system may be formed by a similar mechanism in intact cells of strain S-6H2 following the addition of heme. Our results indicate that the ability of exogenously added carbon sources to repress enterotoxin B synthesis was not dependent upon a functional electron transport system. However, the addition of heme together with either glucose or pyruvate markedly stimulated this repression in strain S-6H2. This enhancement of repression may be related to a change in the energy state of the cells as evidenced by the shift in the proportions of the various end products of glucose and pyruvate metabolism. An alternative explanation is that a functioning electron transport system enhances repression by either stimulating the formation of the primary effector (26) or through the formation of a coeffector (1).
Duncan and Cho (6) observed that glucose and other carbohydrates, including two nonmetabolizable analogues of glucose, repressed staphylococcal alpha toxin synthesis. Although adenosine 3',5'-cyclic monophosphate (C-AMP) did not reverse this repression (25) , they suggested that transient repression was responsible for the inhibition of toxin synthesis. The data obtained in this and other related investigations (22, 23, 24) do not allow a clear distinction to be made between transient and catabolite repression as the regulatory mechanisms responsible for the inhibition of enterotoxin synthesis. We have been unable to show a reversal of either glucose or pyruvate repression by C-AMP (unpublished data). The lack of C-AMIP-mediated reversal may be due to its inability to penetrate the cell. However, the mechanism(s) involved may also be distinct from C-AMP-mediated transient or catabolite repression. Tanaka and luchi (31) recently demonstrated that the glucose repression of amylase in Vibrio parahaemolyticus was reversed by the addition of C-AMP. In contrast, the glucose repression of an extracellular proteinase in the same strain was insensitive to C-AMP. The authors concluded that the repression of the extracellular proteinase was distinct from catabolite repression.
A functional phosphoenolpyruvate (PEP)-dependent phosphotransferase system is required for transient repression, even by substances that can enter the cell independently of the system (35) . Transient repression can be exerted by sugars which are phosphorylated but not further metabolized (34) . Pyruvate repression of enterotoxin B synthesis is pH-dependent. At pH 6.0, pyruvate does not repress toxin synthesis whereas, at pH 7.7, the repression is equivalent to that exerted by glucose. The repression of toxin synthesis by pyruvate could be completely eliminated if the cells were initially starved of thiamine (22) . Under these conditions, pyruvate-U-'4C still entered the cells as shown by the small amount of "4C-acetate and "4C-lactate produced. These results tend to eliminate transient repression as the mechanism responsible for pyruvate repression of enterotoxin B synthesis in strain S-6. Studies are presently in progress with mutants deficient in enzymes involved in carbohydrate transport and metabolism in an effort to elucidate the regulatory mechanism(s) involved as well as to further differentiate between glucose and pyruvate repression of toxin synthesis.
